In this study, we performed proteomic analysis following sequential protein extraction on calcium oxalate monohydrate (COM) and calcium oxalate dihydrate (COD) urinary stones to determine the specific matrix proteins according to the crystal components of the stones. After X-ray and IR analysis of 13 urinary stones, matrix proteins were sequentially extracted with KCl, formic acid, guanidine-HCl, and EDTA, before SDS-electrophoresis followed by liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS). The electrophoretic patterns of the extracted proteins differed from that of COM and COD stones. LC-MS/MS identified 65 proteins, of which many were cellular plasma proteins, and were frequently detected regardless of the crystal components. However, 6 proteins (protein Z, protein S, prothrombin, osteopontin, fatty acid binding protein 5, and ubiquitin) were detected in the final EDTA fractions of COM stones. These proteins are involved in the coagulation process or osteometabolism, and thus the roles they play are of particular interest.
Introduction
Urinary stones are composed of 90% inorganic crystal components, which form the stones' crystal structures; organic constituents account for several percent. Many proteins, known as matrix proteins, are present in urinary stones as a part of these organic constituents;
1,2 the first protein to be extracted was albumin, followed by Tamm-Horsfall protein (THP), α-globulins, and γ-globulins. Most crystal components found in upper urinary stones are reported to be calcium oxalate (CaOx). Osteopontin and prothrombin, which are calcium-binding, have been reported as matrix proteins in such stones. [3] [4] [5] The crystal components of urinary stones in addition to CaOx are hydroxyapatite (HA), uric acid (UA), magnesium ammonium urate, and calcium phosphate; 6 these are usually determined using infrared (IR) spectrometry. Although CaOx calculi include calcium oxalate monohydrate (COM) and calcium oxalate dihydrate (COD), their crystal components cannot be precisely determined by IR analysis. However, micro-area X-ray diffractometry, which is a nondestructive method that can analyze small spots of calculi, is a useful alternative method when it is necessary to distinguish between COM and COD on different parts of the calculi.
Recently, a very sensitive proteomic analysis method involving mass spectrometry following electrophoretic separation has been used to analyze various proteins. [7] [8] [9] [10] [11] [12] [13] Many urinary stone proteins have been detected using proteomic analysis, but the extraction of matrix proteins is simple. Thus far, only mixtures of guanidine-HCl and EDTA with SDS have been used for protein extraction. [7] [8] [9] [10] However, we have carried out unique sequential extraction of matrix proteins from stones using 0.6 M KCl, 10% formic acid, 4 M guanidine-HCl, and 0.5 M EDTA, and examined UA-or calcium-containing stones. [11] [12] [13] Protein Z, a vitamin K-dependent calcium-binding protein, has been identified in urinary stones composed of CaOx by our work. 14, 15 In this study, X-ray diffraction and IR analysis were used to determine the precise crystal components of CaOx stones, and the matrix proteins in 13 calculi composed of COM or COD were extracted sequentially via 4 different solutions. Proteins obtained from each fraction were digested with trypsin following SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and the peptide mixtures were analyzed by nano-flow liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS). After a protein database search, matrix proteins were compared according to the crystal components and extracted fractions.
Experimental

Chemicals
All chemicals were of the highest commercial quality available.
Chemicals were purchased from Wako Pure Chemicals (Osaka, Japan) or Sigma-Aldrich Japan (Tokyo, Japan).
Urinary stones
We analyzed 13 urinary stones in this study. The stones were obtained from 13 patients (8 men, 5 women). Two stones (stones D and F) were discharged after Extracorporeal Shock Wave Lithotripsy, and the remaining 11 were discharged spontaneously. Stones varied in size from small particles to 6 × 7 × 5 mm. The weight of the stones ranged from 0.6 to 86.0 mg. Some patients brought the stones to Teikyo University Hospital for further clinical examination; all patients gave consent for their urinary stones to be used in further analysis. The urinary stones were washed with distilled water several times, and dried for at least a week in a desiccator.
Micro-area X-ray diffractometry
Urinary stones were analyzed using X-ray micro-beams at several spots. After the outer surfaces of the unbroken calculi were determined, they were divided into 2 or 3 pieces and analyzed at several points on the inner faces. A micro-area X-ray diffractometer (JEOL JDX-8030, DX-MAP2, Tokyo, Japan) with a microscope was used according to previously reported methods. [11] [12] [13] [14] [15] The analytical conditions were as follows: target, Cu; filter, Ni; voltage, 40 kV; current, 40 μA; collimator diameter, 100 μm. The diffraction pattern obtained was compared with the data registered in the Joint Committee on Powder Diffraction Standards (JCPDS) database. After X-ray analysis, the IR spectra of the powdered stones were obtained using KBr tablets. When the components in the outsides and the insides of the stones differed, they were separated as much as possible and analyzed.
Protein extraction from urinary stones
Extraction was primarily performed according to previously reported methods. [11] [12] [13] [14] [15] Briefly, the powdered stone samples were extracted in sequence with 0.6 M KCl, 10% formic acid, 4 M guanidine hydrochloride in 50 mM Tris/HCl buffer (pH 7.4) containing 1 mM phenyl methyl sulfonyl fluoride, and 0.5 M EDTA in 50 mM Tris/HCl buffer (pH 7.4) for 24 h at 4 C. At each step, the sediment was washed 3 times with the same solvent used for extraction, and the supernatant was collected after centrifugation at 15000 rpm for 10 min at 4 C. Fractions of the supernatant at each extraction step were dialyzed 8 times against 40 L of 0.005% Brij-35/10 mM NH4CO3 for 4 days and concentrated by lyophilization. Lyophilized samples were kept at -80 C until electrophoresis.
SDS-PAGE
Extracted proteins were separated by SDS-PAGE. Samples were dissolved in 125 μL of buffer containing 58.3 mM TrisHCl (pH 6.8), 5% glycerol, 1.67% SDS, 100 mM dithiothreitol, and bromophenol blue. Gels were stained with Coomassie Brilliant Blue (CBB).
In-gel digestion with trypsin
Protein spots were excised from the SDS-PAGE gels and digested with trypsin according to published procedures. 16 The number of excised protein spots ranged from 7 (smallest, stone F) to 34 (biggest, stone C).
LC-MS/MS
The tryptic peptide solution was analyzed by LC-MS/MS using the HPLC system Magic 2002 (MICHROM Bioresources, Inc., CA). The analytical conditions were as follows: column, Magic C18, 0.2 mm i.d. × 50 mm; solvent, 0.1 M formic acid with CH3CN gradient (5 to 65% in 20 min); flow rate, 2 μL/min.
The LCQDECA (Thermo Fisher Scientific Inc., MA) mass spectrometer was equipped with an ion trap, and a nano ESI interface from MICHROM Bioresources. The electrospray voltage was 1.5 kV and the temperature of the heated capillary was 170 C. During chromatographic separation, "Dynamic Exclusion" was performed. This produced a full-scan MS spectrum and a full-scan MS/MS spectrum based on maximumand second-intensity thresholds. Using ion-trap detection, mass fragmentation from the selected ions was easily obtained. More than 1500 MS/MS spectra were obtained for every chromatographic analysis. MS/MS spectra were submitted to a database search using SEQUEST (X calibur 1.3, Bioworks 3.0), 17 and an algorithm with tandem mass spectrum databasematching tools was used to identify the proteins. The criteria for protein identification was at least 3 peptides (>95% confidence) with of a sequence of more than 5 amino acids.
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Results and Discussion
Crystal components of stones
The mineral constituents of urinary stones are generally analyzed by IR spectrometry. Although IR analysis is useful, the crystal structures cannot be determined precisely. Accordingly, it is difficult to distinguish COM and COD via the IR spectrum. Alternatively, X-ray diffractometry can analyze the mineral constituents based on the crystal structures without destroying the samples. Thus, micro-area X-ray diffractometry with a 0.1 mm diameter X-ray beam was used in this study to determine the mineral constituents prior to IR analysis.
As shown in Table 1 , 4 stones (stones A, B, C, and I) were composed of only COM, 5 were mixed COM and COD (stones D, E, H, J, and K), 3 were COD (stones F, G, and L), and 1 was mixed COD and HA (stone M). Three mixed stones (stones D, E, and K) were divided into 2 parts composed of COM and COD based on X-ray analysis of the crystal components.
Figure 1(a) shows the X-ray diffraction pattern of stone A. The analyzed portion of this stone was composed primarily of COM. The intensity of the diffracted X-rays was strong, and the diffraction angles agreed well with those of COM, as listed in the JCPDS database. Several spots in the stone were analyzed, and all were considered to be COM. Absorption around 3200 and 1620 cm -1 , derived from hydroxyl and carbonyl groups, was observed in the IR spectra; analysis showed that the urinary stone was composed mainly of CaOx. Figure 1(b) shows the X-ray diffraction pattern of stone L. Analysis of several spots outside and inside stone L showed that it was composed of COD. All stones were analyzed using both microarea X-ray diffractometry and IR spectrometry. The crystal components of the stones are summarized in Table 1 .
SDS-PAGE of urinary stones
SDS-PAGE results for the extracted proteins from COM and COD urinary stones are shown in Fig. 2 . Proteins were sequentially extracted with 0.6 M KCl, 10% formic acid, 4 M guanidine hydrochloride, and 0.5 M EDTA, respectively. From these stones, many broad protein bands were stained with a CBB smear. As indicated in Fig. 2(a) , the EDTA extracted protein fraction stain was strongest in COM stones. On the other hand, formic acid or guanidine-HCl fractions were stained most strongly in COD stones (Fig. 2(b) ).
Although the individual protein bands were not well isolated, the spots were excised and in-gel trypsin digested prior to LC-MS/MS.
Proteins identified in stones using LC-MS/MS
Proteomic analysis with LC-MS/MS following SDS-PAGE has been applied to the analysis of various proteins, and we used this method to analyze the matrix proteins in each urinary stone. Several proteomic studies on proteins in urinary stones have identified inflammatory proteins and cellular defense proteins. [7] [8] [9] [10] [11] [12] [13] [14] [15] In this study, 13 urinary stones were meticulously analyzed using micro-area X-ray diffractometry and IR analysis. Matrix proteins from 16 parts of the urinary stones were then individually extracted using 4 different sequential solutions. Differences in the proteins based on the constituents of the stones were identified.
The 65 proteins that satisfied the protein identification criteria (at least 3 peptides that has more than 5 amino acids with >95% confidence on the database-matching tool) from the urinary stones are summarized in Table 2 . These proteins are related to cell biogenesis, membranes, structure, coagulation, defense, immune responses, cell adhesion, cell injury, transport, plasma proteins, and other processes. Among the 65 proteins, 12 were detected in 3 or more of the 7 COM stones: uromodulin (THP), protein Z, prothrombin, fatty acid binding protein 5, osteopontin, ubiquitin and/or ribosomal protein S27a, calgranulin A, cystatin A, α-defensin, lysozyme, MAp-19, and serum albumin. Furthermore, 11 proteins were detected in 2 or more of the 6 COD stones: nesprin-1, utrophin (dystrophin-related protein 1), fatty acid binding protein 5, ubiquitin and/or ribosomal protein S27a, calgranulin A, calgranulin B, cystatin A, α-defensin, elastase 2, serum albumin, serum amyloid P component (SAP). MAp-19, and osteopontin were detected only in stones composed of COM using the described procedures. On the other hand, SAP and nesprin-1 were identified only in COD stones in this study. These proteins may have specific roles in the formation processes of these types of stones.
We identified 36 proteins in 9 COM and COM+COD stones, and 53 proteins in 7 COD and COD+HA stones.
Albumin and uromodulin are abundant proteins in the blood or urine, and are frequently present in urinary stones. [1] [2] [3] [4] [5] [6] 18 THP, also known as uromodulin, is reported to act as a promotor and/ or an inhibitor on CaOx crystallization. 2, 19 Based on several studies, [20] [21] [22] THP is considered to bind only weakly to CaOx crystals and to inhibit crystal aggregation by steric hindrance, rather than by binding to the crystal surfaces. THP was detected in 6/16 stone parts with KCl or guanadine-HCl fractions in this study. This may reflect that the proteins detected in other fractions, except for the EDTA fraction, are loosely attached to the crystals. Fatty acid binding protein 5, ubiquitin, and/or ribosomal protein S27a are believed to exist in cells. Calgranulins A and B, known as Ca-binding S-100 proteins, are mainly produced in leucocytes and monocytes. Histone H4 is a nuclear histone protein that binds to DNA and forms histone-DNA complexes. Furthermore, both calgranulins A and B and histone H4 have been detected in urinary stones. 23, 24 These proteins have been identified in both CaOx and UA stones. Thus, leucocytes and monocytes, which gather to suppress inflammation at the crystal deposition site, appear to play roles in the process of stone formation.
In Table 3 , the proteins identified in ETDA fraction are shown along with the peptide data (coverage rate of the protein and detected peptide numbers). For proteins detected in other extracted fractions, these data are also indicated. The EDTA fraction contained 36 proteins, of which 10 were mainly identified in the final fractions obtained from COM or COM/ COD stones. These proteins were not easily eluted by KCl, formic acid, and guanidine-HCl extraction, but were finally released after the calcium ions were removed, indicating that they were bound strongly to calcium ions. Ten proteins (bone marrow proteoglycan (BMPG) (proteoglycan 2), protein Z, protein S, prothrombin, cathepsin G, complement component 4 binding protein, elastase 2 (neutrophil preproprotein), fatty acid binding protein 5, osteopontin, and ubiquitin and/or ribosomal protein S27a) were identified in more than 2 urinary stones. Furthermore, 6 proteins (protein Z, protein S, prothrombin, osteopontin, fatty acid binding protein 5, and ubiquitin and/or ribosomal protein S27a) were detected in more than 2 of the COM stones.
Osteopontin, which has numerous physiological activities, is distributed widely around the body. Aspartic acid and glutamic acid make up 40% of the amino acids in osteopontin, and its calcium-binding activity is reported to be very high. 3, 4 Similarly, glutamic and aspartic acids represent about 23% of the amino acids in prothrombin fragment 1, which is a crystal matrix protein. Among the first 34 amino acids, 10 of the glutamic acids are γ-carboxylated. The inhibitory effects of osteopontin and prothrombin fragment 1 on the crystallization and aggregation of CaOx crystals have been reported. 25, 26 Protein Z, protein S, and prothrombin, which are vitamin K-dependent calcium-binding proteins, are thought to act as regulators in the coagulation process. 27, 28 These proteins have a Gla-containing domain that is able to chelate calcium ions.
In this study, osteopontin, prothrombin, and protein Z were also detected in the CaOx urinary stones, as reported previously.
14,15 They often coexisted and were detected in the same gel band. Moreover, they were identified in several gel spots distributed between 250 kDa to 40 kDa. Protein Z is a vitamin-K dependent protain, and is known to bind calcium ions. Prothrombin and protain Z are classified as Gla-containing protains. These proteins were seldom detected in the COD stones, and thus they likely have specific roles in COM stone growth.
Conclusions
We identified matrix proteins in individual urinary stones using proteomic analysis after the crystalline mineral constituents were analyzed with a micro-area X-ray diffractometer. Protein analysis was performed via sequential extraction processes using KCl, formic acid, guanidine-HCl, and EDTA. Among the 65 kinds of matrix proteins found, osteopontin, prothrombin, and protein Z were identified together in the EDTA extracted fractions of COM stones, and SAP was detected in COD stones. These proteins are believed to play significant roles in the high prevalence of urolithiasis and its recurrences, and thus they are of particular interest. Protein name with its category, GI accession, molecular weight, and detected fraction (K, KCl; F, formic acid; G, guanidine HCl; E, EDTA) with coverage rate and detected peptide number are indicated. 
